ABSTRACT:
Tubular mechanical stretch is the key primary insult in obstructive nephropathy. This review addresses how the renal tubular epithelium senses and responds to mechanical stretch. Using data from renal and non-renal systems, we describe how sensing of stretch initially occurs via the activation of ion channels and subsequent increases in intracellular calcium levels. Calcium influxes activate a number of adaptive and pro-injury responses. Key among these are i) the activation of Rho, consequent cytoskeletal rearrangements, and downstream increases in focal adhesion assembly, and ii) phospholipase activation and resultant MAP kinase activation. These early signaling events culminate in adaptive cellular coupling to the extracellular matrix, a process termed the cell strengthening response. Direct links can be made between increased expression of genes involved in the development of obstructive nephropathy, and initial sensing of mechanical stretch. The review illustrates the repercussions of mechanical stretch as a renal stress stimulus, specific to ureteric obstruction, and provides an insight into how tubular responses to mechanical stretch are ultimately implicated in the development of obstructive nephropathy (171 words).
Incidence, causes and consequences of ureteric obstruction
Ureteric obstruction (UO) is a common and significant urological diagnosis (lifelong incidence of approximately 1/1000). Evidence from animal models indicates that even with acute recovery following relief of UO, function may be compromised in the long term by progressive renal fibrosis (45).
Obstruction may be classified according to cause (congenital or acquired), duration (acute or chronic), degree (partial or complete), and side (unilateral or bilateral). There are numerous causes of acquired obstruction:
• Calculi (stones) -commonest cause
• Vesical (bladder) tumour involving one or both ureteric orifices 
Causes of tubular cell mechanical stretch in UO
There are a number of stimuli which cause tubular mechanical stretch in UO.
Initially, increases in renal pelvic pressure are important, while in sustained obstruction, the volume and composition of pooled urine also provide a tubular stretch stimulus.
Normal pressures at rest within the renal pelvis and ureter are approximately 0-10cm H 2 O. Peristaltic pressures for the transport of urine vary between 20-60cm H 2 O. In acute UO, there is a sudden rise in ureteric and intra-renal pressure. Pressures in excess of 80cm H 2 O may be generated. This elevation in pressure is transmitted back to the tubular lumen, and is enhanced further by early increments in renal blood flow (RBF) and glomerular filtration rate (GFR) following local increases in nitric oxide (NO) generation (111, 128) .
Experimental evidence has shown that step-wise increases in renal pelvic pressure cause a bradykinin-mediated increase in prostaglandin E 2 (PGE 2 ) and subsequent N-type calcium (Ca 2+ ) channel-dependent elevations in substance P release from renal sensory neurons (54, 56) . This activates a reno-renal reflex characterised by decreased efferent sympathetic activity, causing an enhancement in contralateral kidney urinary flow rate (64).
Following a period of sustained unilateral ureteric obstruction (UUO) in rats, artificial elevation of intra-pelvic pressure does not induce this reno-renal reflex, possibly due to Angiotensin II-inhibition of substance P release and/or decreased active substance P secondary to enzymatic degradation (55, 64).
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However, this maximal pelvic pressure elevation described above begins to fall. The reasons for the reduction of pressure are threefold in nature. Firstly, there is increasing dilatation of the renal pelvis. Secondly, we see reduced RBF and GFR (after one week of UUO, GFR in the obstructed kidney is reduced to 20% of pre-obstruction levels) (58, 123). Finally, altered pyelolymphatic and pyelovenous backflow help to reduce pressure (39, 79).
At this point it is important to consider the pressure/stretch effect of the continued pooling of urine following obstruction.
In acute UUO, the cortical collecting tubules become resistant to argininevasopressin (AVP), so cannot produce concentrated urine (35). Aquaporins (AQP) are membrane water channels that play a pivotal role in controlling the water content of cells. AQP1 is most prominent in the proximal tubule and descending thin limb and is critical for urinary concentration. AQP2 is only found in the principal cells of the connecting tubule and collecting duct and is the chief AVP-regulated water channel. AQP3 and AQP4 are both present in the basolateral plasma membrane of collecting duct principal cells and most probably represent exit pathways for water reabsorbed apically via AQP2 (83). A reduced ability to respond to the AVP signal leads to reduced abundance of apical AQP water channels in UUO and is at least partly responsible for the defect in urinary concentration observed (132) . Another important contributory factor in the loss of urinary concentration capacity is the UO-induced loss of urea transporter expression which tends to lead to medullary washout (59).
It is established that sodium handling (and associated water reabsorption) is progressively impaired following graded obstruction, both in the distal and proximal tubules (89) . Expression of apical sodium transporters is decreased in the obstructed kidney in UUO in rats (51). Resistance to AVP in UO is also likely to play a part in diminished apical recruitment of sodium channels; mobilization of these channels is demonstrated to be AVPdependent in renal A6 cells (53).
The loss of urinary concentrating capacity leads to the generation of a large volume of pooled urine rich in electrolytes, yet relatively hypotonic (Docherty et al., unpublished results). Aside from the volumetric stretching effect of large quantities of static urine, its hypotonic nature per se is likely to exert a further wave of swelling-induced mechanical stretch insult, particularly in tubular cells in regions of the nephron routinely exposed to filtrate of a higher osmolality.
The changes in renal pressure and urinary pooling thus described lead to mechanical stretching of the tubular epithelium, which is widely accepted as the key initiating injury underpinning the subsequent development of obstructive nephropathy.
Sensing and responding to mechanical stretch in the tubular epithelium
The following section draws on relevant evidence to elucidate the response of the tubular cell to mechanical stretch. Integrins offer a route for the transfer of a mechanical force across the cell membrane (126) . Cells respond to forces applied to integrins by generating a stress-induced strengthening response, consisting of reinforcement of the cellular cytoskeleton (126) . This occurs in a Ca 2+ -dependent manner and aids the ability of the cell to resist deformation and injury (32). Human TRPC1 mRNA has been demonstrated in the kidney (97). TRPC1
Integrins as mechanosensors and subsequent Ca
has been identified in the basolateral membrane in polarized MDCK cells (renal epithelial cells) in culture (7). Another study has further pinpointed TRPC1 channels in the tubules of the cortex and outer medulla -indeed, TRPC1 is essentially restricted to the glomerulus and proximal tubule (33).
Strikingly, this paper additionally showed colocalization of TRPC1 with AQP1 in cortical tubular elements, suggesting that TRPC1 can also be found in the apical brush-border of the proximal tubule.
TRPC1 is known to interact with calmodulin -indeed the entry of cations through the TRPC1 channel is feed-back inhibited by Ca 2+ through its interaction with calmodulin (101).
Another potentially important site of Ca 2+ influx in response to stretch in kidney epithelial cells is at the cilium. Cilia are tiny hair-like appendages extending from the cell surface. Motile cilia are not normally expressed by renal tubular cells in the mammalian kidney (85) . However, there is evidence that the primary cilium in MDCK cells is nonetheless mechanically sensitive and responds to bending (simulating the effect of an increase in apical pressure/stretch) by increasing intracellular Ca 2+ , via influx through mechanically sensitive channels that appear to reside in the cilium or its base (92). The influx is then followed by Ca 2+ release from IP 3 -sensitive stores.
Of significance, TRPC1 has been identified in isolated primary cilia of LLC-PK1 cells (immortalized porcine proximal tubular epithelial cells) (95) . Based on this evidence, we propose that the initial step in detection of the stretch insult by the tubular epithelial cells is a biophysical one ie: activation of integrins, Ca 2+ -dependent activation of Rho, and subsequent changes in the actin cytoskeleton.
Phospholipase and Mitogen Activated Protein (MAP) Kinase activation
Numerous cell signaling pathways rely on lipid moieties as signal mediators. Activation of both the MAP kinase and Rho pathways, and reorganization of the actin cytoskeleton, thus represent highly significant steps that occur as a result of the stretch insult associated with UO.
The gap junction as a site of intercellular spread of mechanical stretchinduced increases in intracellular Ca
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It is interesting to ask whether there is a concerted response to mechanical 
Examples of how cellular perception of mechanical stretch leads to the activation of downstream effectors of renal injury
We have thus visited the likely mechanisms by which mechanical stretch might be initially sensed and responded to by the tubular epithelium. The remainder of the article will be devoted to using specific examples to illustrate how the sensing of mechanical stretch can be linked to the initiation of responses in the affected kidney that are associated with progressive renal damage in obstructive nephropathy.
Connecting mechanical stretch to generation of tubular cell oxidative stress
Oxidative stress is heavily implicated in the progression of renal injury (37).
Oxidative stress initiated in the renal parenchyma can result in injury and death which in turn promotes the influx of inflammatory cells containing mediators which in themselves accentuate the pro-oxidant state (e.g.
myeloperoxidase from neutrophils/macrophages). Looking specifically at potential pathways involved in oxidative stressinduced renal injury, it has been shown in renal epithelial cells that oxidative stress-induced apoptosis is preceded by phosphorylation of ERK (87). This is of note given the previously-described role Ca 2+ mobilization, PLA activation, and phosphorylation of ERK1/2 in response to stretch.
Connecting mechanical stretch to the induction of TGF-1 and CTGFmajor mediators of progressive renal injury in obstructive nephropathy
A host of cytokines and growth factors contribute significantly to obstruction-induced apoptotic cell death and renal fibrosis (72). TGF-1 is a potent pro-fibrotic and pro-apoptotic agent in renal disease (10, 109). This is 
